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The  relation  between  high  temperature  proton  exchange  membrane  fuel  cell  (HT-PEMFC)  operation 
temperature  and  cell  durability  was  investigated  in  terms  of  the  deterioration  mechanism.  Long-term 
durability  tests  were  conducted  at  operational  temperatures  of  1 50, 170,  and  1 90  °C  for  a  HT-PEMFC  with 
phosphoric  acid-doped  polybenzimidazole  electrolyte  membranes.  Higher  cell  temperatures  were  found 
to  result  in  a  higher  cell  voltage,  but  decrease  cell  life.  The  reduction  in  cell  voltage  of  approximately 
20  mV  during  the  long-term  tests  was  considered  to  be  caused  both  by  aggregation  of  the  electrode 
catalyst  particles  in  the  early  stage  of  power  generation,  in  addition  to  the  effects  of  crossover  due  to 
the  depletion  of  phosphoric  acid  in  the  terminal  stage,  which  occurs  regardless  of  cell  temperature.  It  is 
expected  that  enhanced  long-term  durability  for  practical  applications  can  be  achieved  through  effective 
management  of  phosphoric  acid  transfer. 

©  2009  Published  by  Elsevier  B.V. 


1.  Introduction 

Fuel  cells  have  attracted  considerable  attention  as  an  envi¬ 
ronmentally  friendly,  clean  energy  system  and  a  broad  range  of 
research  has  been  conducted  in  this  area.  Presently,  the  most 
actively  studied  fuel  cell  is  the  perfluorosulfonic  acid-type  low 
temperature  proton  exchange  membrane  fuel  cell  (LT-PEMFC). 
The  LT-PEMFC  is  different  from  previous  generation  fuel  cells  in 
that  it  uses  a  solid  polymer  membrane  as  the  electrolyte,  so  that 
it  conducts  protons  via  water,  and  can  therefore  operate  in  the 
temperature  range  below  100°C.  Consequently,  the  LT-PEMFC  has 
extended  the  range  of  applications  of  fuel  cells  to  small-scale  power 
sources  for  automobiles,  portable  and  residential  use,  and  this  trend 
is  expected  to  continue  into  the  future.  The  recent  trend  in  Japan 
is  the  commercialization  of  1  kW-class  domestic  cogeneration  sys¬ 
tems  using  both  electricity  and  electrically  generated  waste  heat, 
due  to  significant  improvements  in  fuel  cell  performance  and  dura¬ 
bility  [1  ].  However,  a  major  stumbling  block  for  commercialization 
is  that  the  system  tends  to  be  very  complex  and  expensive  because 
LT-PEMFCs  inherently  require  humidification  for  proton  conduc¬ 
tion  via  water.  In  addition,  the  system  efficiency  is  relatively  low 
due  to  the  low  operating  temperature  of  <1 00  °C  [  1  ],  and  it  requires 
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a  CO  selective  oxidizer  as  the  CO  resistance  of  the  electrode  catalyst 
is  reduced  at  lower  temperatures  [2-5]. 

The  development  of  next  generation  PEMFCs  is  actively  being 
researched  in  order  to  solve  these  problems  by  simplification  of 
the  system,  reduction  of  production  costs,  and  improvement  of 
the  operational  efficiency  in  the  temperature  range  of  1 50-200  °C 
[6].  In  addition,  next  generation  PEMFCs  must  have  sufficient  heat 
resistance  under  zero  humidification  conditions,  and  be  based  on 
polymer  electrolytic  membranes  that  can  chemically  couple  with 
acids  capable  of  proton  conduction.  Research  has  been  conducted 
on  acids  that  are  capable  of  proton  conduction  at  temperatures 
exceeding  100  °C,  in  addition  to  various  polymers  that  adsorb  acids 
[7-12],  and  the  results  suggest  that  sulfuric  and  phosphoric  acids 
have  high  proton  conduction  capability  [13-15].  With  regard  to  the 
polymers  that  form  the  structure  of  the  membranes,  various  ele¬ 
mentary  studies  have  been  carried  out  on  polybenzimidazole  (PBI) 
[16],  polyethylene  oxide  ( PEO )  [  1 7  ] ,  polyvinyl  alcohol  ( PVA)  [18,19], 
polyacrylamide  (PAAM)  [20,21]  and  polyethylenimine  (PEI)  [22]. 

Further  studies  have  focused  on  high  temperature  proton 
exchange  membrane  fuel  cells  (HT-PEMFCs)  using  PBI  membranes 
doped  with  phosphoric  acid  as  the  electrolyte  membrane,  from 
the  point  of  view  of  membrane  conductivity  and  heat  resistance 
[23-25],  and  the  power  generation  of  actual  cells  [26-34].  Zhang  et 
al.  reported  that  higher  cell  performance  was  achieved  as  the  oper¬ 
ating  temperature  approached  200  °C  [6].  In  addition,  the  results  of 
long-term  power  generation  tests  (exceeding  1 0,000  h)  have  been 
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reported  by  BASF  and  Samsung  [35,2],  and  these  PEMFCs  are  con¬ 
sidered  to  be  the  closest  to  commercial  viability. 

Flowever,  there  is  a  dilemma  in  that  raising  the  operating  tem¬ 
perature  in  order  to  increase  the  cell  voltage  and  improve  the 
efficiency  makes  it  difficult  to  sustain  long-term  durability.  Con¬ 
versely  lowering  the  temperature  improves  the  durability  but  leads 
to  lower  cell  voltages.  To  date,  only  a  few  reports  have  dealt  with 
the  relationship  between  the  operating  temperature  and  the  cell 
durability,  including  the  deterioration  mechanism  during  approx¬ 
imately  500  h  operation  at  150°C  [28-31]. 

Therefore,  in  this  study,  the  effects  of  temperature  on  the  cell 
voltage  and  durability  were  evaluated  by  conducting  long-term 
durability  tests  on  cells  using  PBI  membranes  doped  with  phospho¬ 
ric  acid  and  using  newly  developed  electrodes  for  cell  temperatures 
of  150,  170,  and  190°C.  The  deterioration  mechanism  of  the  cells 
was  investigated  based  on  the  results  of  time  variations  of  cell 
voltage,  internal  cell  resistance  and  impedance  during  the  dura¬ 
bility  tests,  in  addition  to  post-analysis  by  transmission  electron 
microscopy  (TEM)  observations. 

2.  Experimental 

2.1.  Preparation  of  PBI  electrolyte  membrane 

PBI  membranes  (5.5  cm  x  5.5  cm,  ca.  40  pan  thick)  provided  by 
the  Joint  Research  Institute  were  immersed  in  a  85%  phosphoric 
acid  solution  heated  to  40  °C  for  40  min  to  dope  the  membranes 
[36].  Identical  membranes  doped  under  identical  conditions  were 
used  for  all  tests  in  this  study.  The  phosphoric  acid  doping  ratio 
was  determined  by  measuring  the  weight  of  the  membranes  before 
and  after  doping  using  a  precision  electronic  balance  (AUW120D 
Shimadzu  Corp.,  Japan).  The  doping  ratio  was  defined  as  the  weight 
of  phosphoric  acid  doped  into  the  membrane  divided  by  the  weight 
of  the  membrane  after  doping. 

2.2.  Production  of  electrodes 

A  sheet  of  carbon  paper  with  a  thickness  of  280  p,m  (TGP-H- 
090,  Toray  Corp.,  Japan)  was  used  as  a  gas  diffusion  layer.  A  mixed 
powder  of  Ketchen  Black  (EC-600JD,  Akzo  Nobel  Corp.,  UK)  and 
polytetrafluoroethylene  (PTFE,  DuPont)  in  a  weight  ratio  of  65:35 
was  applied  onto  the  carbon  paper  using  a  dry  coating  device 
[36-38]  until  it  formed  a  coating  of  2  mg  cm-2.  This  was  then  heated 
at  350  °C  in  an  atmospheric  oven,  and  the  surface  leveled  by  a  roller 
press  [36-38]  to  produce  a  filled  carbon  layer. 

A  catalyst  ink  was  then  prepared  by  mixing  polyvinylidene  flu¬ 
oride  (PVDF;  Kureha  Corp.,  Japan),  Pt-Co-supported  on  Ketchen 
Black  powder  (carbon/metal:  50/50,  TKK  Corp.,  Japan)  [36]  and 
N-methyl  pyrrolidone  (NMP;  Sigma-Aldrich  Corp.,  USA)  with  agi¬ 
tation  for  60  h.  For  preparation  of  the  electrode,  the  catalyst  ink  was 
applied  using  a  wet  coating  method  onto  the  coated  carbon  paper, 
dried  for  1  h  at  80  °C  in  air,  and  then  finally  held  in  a  vacuum  oven 
at  1 60  °C  for  25  h  to  remove  NMP  [36]. 

The  amount  of  supported  Pt  was  approximately  0.8  mg  cm-2  for 
both  anode  and  cathode  electrodes. 

2.3.  Single  cell  assembly 

The  electrolyte  membrane  doped  with  phosphoric  acid  was 
sandwiched  by  two  electrodes  prepared  according  to  Section  2.2 
to  produce  the  membrane  electrode  assembly  (MEA).  This  was 
sandwiched  between  a  pair  of  bi-polar  plates  made  of  carbon,  on 
which  a  serpentine  flow  pattern  was  machined.  The  flow  pattern 
was  designed  by  Japan  Automobile  Research  Institute  (JARI)  and 
had  a  reaction  area  of  5  cm  x  5  cm.  Further,  this  assembly  was  in 
turn  sandwiched  by  current  collector  plates  and  stainless  steel  end 


plates  fitted  with  a  rubber  heater  on  the  outermost  surface  and 
tightened  using  eight  M6  bolts  to  produce  a  single  cell  [36].  Five  of 
these  single  cells  were  prepared. 

2.4.  Single  cell  power  generation  tests 

The  five  single  cells  described  in  Section  2.3  were  mounted  on 
a  fuel  cell  test  stand  (Kofloc  Corp.,  Japan)  equipped  with  mass- 
flow  controllers,  an  electronic  loading  device  (Kikusui  Electronics 
Corp.,  Japan)  for  controlling  the  electric  current,  an  AC  milliohm 
tester  (Model  3566,  Tsuruga  Electric  Corp.,  Japan)  with  a  constant 
frequency  of  1  kFIz,  and  a  personal  computer  for  equipment  moni¬ 
toring  and  data  output.  Tests  of  the  initial  characteristics,  long-term 
durability  and  power  output  over  1000  h  were  conducted  on  a  sin¬ 
gle  cell,  three  single  cells  and  the  remaining  single  cell,  respectively. 
During  all  tests,  130  mL min-1  (stoich:  3.7)  of  pure  hydrogen  was 
supplied  to  the  anode  side,  and  310  mL  min-1  (stoich:  3.7)  of  air  or 
66  mLmin-1  (stoich:  3.7)  of  pure  oxygen  was  supplied  to  the  cath¬ 
ode  side,  with  none  of  the  reaction  gases  being  humidified  [36].  All 
power  generation  processes  were  conducted  under  atmospheric 
conditions. 

2.4.1.  Initial  performance  test 

In  this  test,  power  was  generated  from  a  single  cell  at  a  cell  tem¬ 
perature  of  1 50  °C  and  a  current  density  of  0.2  A  cm-2  for  500  h  until 
the  cell  voltage  reached  its  peak  and  stabilized.  The  cell  tempera¬ 
ture  was  then  varied  from  120  to  200  °C  with  10°C  increments, 
holding  the  temperature  at  each  stage  for  approximately  1  h  to 
measure  the  cell  voltage  and  internal  resistance. 

The  impedance  was  then  measured  by  sweeping  a  constant  AC 
current  of  5  A  (0.2  A  cm-2 )  with  an  amplitude  of  0.5  A  within  the  fre¬ 
quency  range  of  20,000-0.01  FIz  using  a  potentiostat-galvanostat 
(HZ  5000  HAG-3001,  Hokuto  Denko  Corp.)  and  a  frequency 
response  analyzer  (FRA  5020A,  NF  Corp.,  Japan)  to  examine  details 
of  the  cell  resistance  [36].  In  this  case,  hydrogen  was  supplied  to 
the  anode  side  and  pure  oxygen  to  the  cathode  side. 

2.4.2.  Long-term  durability  test 

In  this  test,  the  temperatures  of  the  three  single  cells  were  fixed 
at  150,  170,  and  190°C,  respectively,  and  the  current  density  was 
controlled  to  maintain  a  current  density  of  0.2  A  cm-2  using  an  elec¬ 
tronic  loading  device.  In  this  case,  the  rate  of  decrease  in  cell  voltage 
was  calculated  based  on  the  difference  between  the  peak  cell  volt¬ 
age  and  that  measured  during  long-term  power  generation.  Power 
generation  was  terminated  when  the  cell  voltage  dropped  by  10%. 
For  the  cell  at  170°C,  the  impedance  was  measured  in  the  same 
manner  as  described  in  Section  2.4.1  after  5000  h  of  operation,  and 
power  generation  was  then  terminated. 

The  remaining  cell  was  operated  for  approximately  lOOOh  at 
1 50  °C  at  a  current  density  of  0.2  A  cm-2  and  the  catalyst  was  then 
examined  using  TEM. 

2.5.  Post-analysis 

TEM  observations  were  carried  out  both  on  as-prepared  elec¬ 
trode  catalysts  and  those  following  testing  for  about  lOOOh  at 
150  and  190°C.  In  addition,  scanning  electron  microscopy  (SEM) 
observations  were  performed  on  the  membrane  subjected  to  the 
long-term  durability  test  at  170  °C. 

3.  Results  and  discussion 

3. 1 .  Initial  performance  test 

Fig.  1  shows  the  relation  between  the  cell  voltage  and  cell  tem¬ 
perature  obtained  from  the  initial  performance  test  described  in 
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Fig.  1.  Relationship  between  cell  voltage  and  cell  temperature  obtained  from  the 
power  generation  tests. 


Fig.  3.  Relationship  of  the  ohmic,  charge  transfer  and  mass  transport  resistance  to 
the  cell  temperature. 


Section  2.4.1.  As  can  be  seen,  the  cell  voltage  increased  by  approx¬ 
imately  100  mV  when  the  cell  temperature  was  raised  from  120  to 
140°C.  When  the  cell  temperature  was  subsequently  raised  from 
140  to  200  °C  in  increments  of  10°C,  the  cell  voltage  increased  at 
a  rate  of  approximately  10  mV  per  10°C,  i.e.,  at  1  mV°C-1.  A  simi¬ 
lar  dependence  of  cell  voltage  on  temperature  has  been  previously 
reported  for  phosphoric  acid-PBI  electrolyte  membranes  [6,26,27]. 

Fig.  2  shows  a  Cole-Cole  plot  obtained  from  impedance  mea¬ 
surements  conducted  at  0.2  A  cm-2  for  the  same  single  cell, 
whereas  Fig.  3  plots  the  ohmic,  electric  charge  transfer,  and  mass 
transport  resistance  values  derived  from  the  data  of  Fig.  2  relative 
to  the  cell  temperatures. 

As  can  be  seen,  the  ohmic  resistance  drops  slightly  with  increas¬ 
ing  cell  temperature.  In  general,  ohmic  resistance  is  related  to 
electrical  resistance,  contact  resistance,  and  the  membrane  pro¬ 
ton  conductivity.  The  decrease  in  ohmic  resistance  seen  in  Fig.  3 
is  believed  to  be  due  to  an  improvement  in  proton  conductivity  in 
the  electrolyte  membrane  with  increasing  cell  temperature.  This  is 
supported  by  the  work  of  Zhang  et  al.  [6]  on  the  influence  of  cell 
temperature  on  membrane  resistance,  and  the  relation  between 
proton  conductivity  in  phosphoric  acid-PBI  electrolytic  membranes 
and  cell  temperature  reported  by  Ma  et  al.  [24]. 

Furthermore,  Fig.  3  shows  that  the  charge  transfer  resistance  is 
markedly  reduced  with  increasing  cell  temperature.  It  is  generally 
believed  that  the  electrical  charge  transfer  resistance  is  related  to 


Fig.  2.  Cell  temperature  dependence  of  the  Cole-Cole  plots  at  0.2  A  cm-2  for  an 
initial  performance  evaluation  after  500  h  operation. 


the  catalyst  activity  of  the  cathode  and  anode.  Therefore,  it  seems 
likely  that  an  increase  in  temperature  gave  rise  to  an  increase  in 
catalyst  activity,  promoting  electrode  reactions  and  consequently 
leading  to  an  increase  in  cell  voltage.  Zhang  et  al.  also  measured  the 
impedance  spectra  of  HT-PEMFCs  at  various  cell  temperatures  and 
similarly  concluded  that  the  charge  transfer  resistance  is  reduced 
by  the  promotion  of  anode  oxidization  and  cathode  reduction  as 
the  cell  temperature  increases  [6].  Further,  Ajani  et  al.  showed  that 
the  activation  overpotential  of  FIT-PEMFCs  was  reduced  as  the  cell 
temperature  increased  [26],  which  lends  further  support  to  this 
idea. 

In  Fig.  3,  it  can  be  seen  that  a  slight  reduction  in  the  mass  trans¬ 
port  resistance  occurs  as  the  cell  temperature  increases.  The  mass 
transport  resistance  is  determined  by  the  rate  of  diffusion  of  the 
reactant  gas  in  the  porous  electrode  and  the  electrolyte,  and  by 
its  solubility  into  the  electrolyte.  Increasing  the  cell  temperature 
leads  not  only  to  higher  gas  diffusion  rates,  but  also  a  reduction  in 
gas  solubility.  Which  of  these  factors  has  the  dominant  influence 
on  the  mass  transport  resistance  depends  on  the  current  density.  It 
has  been  reported  that  at  high  current  density,  the  reduction  in  gas 
solubility  dominates  and  an  increase  in  cell  temperature  leads  to 
a  higher  mass  transport  resistance  [6].  Flowever,  in  this  study,  the 
impedance  measurements  were  conducted  at  a  low  current  den¬ 
sity  of  0.2  A  cm-2.  Under  these  conditions,  the  enhancement  of  gas 
diffusion  had  the  largest  impact,  leading  to  a  reduction  in  mass 
transport  resistance  as  the  temperature  increased. 

3.2.  Long-term  durability  test 

Fig.  4(a),  (b),  and  (c)  shows  the  changes  in  cell  voltage  and  inter¬ 
nal  resistance  over  time  during  the  long-term  durability  tests  at 
1 50, 1 70,  and  1 90  °C,  respectively.  In  these  tests  the  current  density 
was  constant  at  0.2  A  cm-2. 

As  seen  in  Fig.  4(a),  in  the  case  of  the  150°C  cell,  the  cell  volt¬ 
age  gradually  increased  from  the  beginning  of  power  generation, 
reached  a  peak  value  after  several  hundred  hours,  and  then  declined 
very  gradually  for  the  remaining  period.  Even  following  1 6,000  h 
(2  years)  of  operation,  the  cell  voltage  is  still  within  7%  of  its  peak 
value,  and  the  power  generation  test  is  currently  still  in  progress. 
The  three  temporary  drops  which  appear  in  the  curve  are  due  to 
emergency  stops  of  the  test  stand.  On  the  way,  up  to  approximately 
12,000  h,  no  significant  changes  were  observed  in  the  cell  internal 
resistance,  which  is  related  to  the  ohmic  resistance  and  the  proton 
conductivity  resistance,  although  a  gradual  increase  was  observed 
over  1 2,000  h. 
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Fig.  4.  Time  course  of  cell  voltages  and  internal  resistances  of  three  cells  operated 
at  0.2  A  cm-2  at  cell  temperatures  of  150, 170,  and  190  °C. 


In  the  170°C  cell  shown  in  Fig.  4(b),  the  cell  voltage  increased 
relatively  rapidly  from  the  beginning  of  power  generation,  reached 
its  peak  value  in  a  few  hundred  hours,  and  then  dropped  gradu¬ 
ally.  At  around  4500  h,  a  sharp  drop  occurred  due  to  a  gas  stoppage 
incident,  but  recovery  took  place  within  several  hundred  hours. 
However,  from  approximately  5000  h,  the  cell  voltage  began  to 
drop  with  increasing  speed.  Power  generation  was  terminated  after 
6400  h  of  operation,  at  which  point  the  cell  voltage  had  declined 
10%  from  its  peak  value.  During  the  entire  duration  of  the  test, 
apart  from  the  very  early  period,  the  internal  resistance  continued 
to  increase  as  the  voltage  decreased. 

As  seen  in  Fig.  4(c),  the  voltage  of  the  1 90  °C  cell  reached  a  peak 
almost  immediately  after  the  start  of  the  power  generation  and 
then  dropped  due  to  a  gas  stoppage  incident,  similar  to  those  for 
the  150  and  170°C  cells.  However,  in  contrast  to  the  other  two 
cells,  the  cell  voltage  did  not  quickly  recover,  but  remained  at  a 
low  level  for  approximately  500  h,  and  then  dropped  sharply  after 


Fig.  5.  Relationship  of  cell  voltage  increase  rate  to  cell  temperature  during  initial 
power  generation. 


1 000  h  of  operation.  Power  generation  was  terminated  after  1 220  h 
of  operation  when  the  cell  voltage  had  dropped  by  1 0%  from  its  peak 
value. 

Fig.  5  shows  the  relation  between  the  rate  of  increase  of  the  cell 
voltage  during  the  initial  period  of  power  generation  and  the  cell 
temperature,  which  was  obtained  by  arranging  the  results  shown 
in  Fig.  4.  Clearly,  the  initial  cell  voltages  increase  more  rapidly  as  the 
temperature  increases.  The  initial  time  required  for  the  cell  voltage 
to  stabilize  is  considered  to  correspond  to  the  time  taken  for  the 
NMP  solvent  remaining  in  the  catalyst  layer  to  evaporate  and  for 
the  space  thus  produced  to  be  filled  with  enough  phosphoric  acid 
to  secure  a  sufficient  charge  transfer  path  in  the  cell  [37].  In  fact,  all 
of  the  cell  temperatures  are  fairly  close  to  the  boiling  point,  220  °C, 
of  NMP.  In  particular,  in  the  cell  operating  at  190°C,  the  solvent 
would  be  expected  to  quickly  evaporate  due  to  its  high  saturated 
vapor  pressure. 

Fig.  6  shows  the  rate  of  decrease  of  the  cell  voltage  from  its  peak 
value  as  a  function  of  the  cell  temperature.  For  the  150°C  cell,  the 
rate  was  obtained  by  dividing  the  cell  voltage  drop  from  its  peak 
to  1 6,000  h,  read  from  Fig.  4(a),  by  the  power  generation  time  of 
1 6,000  h.  For  the  170  and  190  °C  cells,  the  rates  were  obtained  by 
dividing  the  cell  voltage  drops  of  1 0%  from  the  peak  voltage,  shown 
in  Fig.  4(b)  and  (c),  by  the  final  power  generation  time  of  6400  and 
1220  h,  respectively.  As  seen  in  Fig.  6,  the  cell  voltage  deterioration 
rate  was  strongly  dependent  on  temperature,  and  had  a  value  of 
3.6  |jiV h- 1  for  a  cell  temperature  of  1 50  °C. 


Fig.  6.  Relationship  of  cell  voltage  decline  rate  to  cell  temperature  over  long-term 
power  generation. 
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Fig.  7.  Time  course  of  the  cell  voltage  drop  due  to  the  resistance  overpotential  and 
losses  except  cell  resistance  for  cells  operated  at  150, 170  and  190  °C. 

Fig.  7  shows  the  time  dependence  of  the  resistance  overpoten¬ 
tial  and  the  cell  voltage  loss  excluding  resistance.  The  “resistance 
overpotential”  is  the  product  of  the  current  density  (0.2  A  cm-2) 
and  the  cell  internal  resistance  taken  from  Fig.  4.  “Loss  excluding 
resistance”  is  obtained  by  subtracting  the  resistance  overpotential 
portion  from  the  total  cell  voltage  drop.  Therefore,  the  loss  exclud¬ 
ing  resistance  includes  the  increase  of  activation  overpotential,  the 
increase  of  diffusion  overpotential,  and  the  decrease  in  the  open  cir¬ 
cuit  voltage  (OCV).  Flowever,  the  effect  of  diffusion  overpotential  is 
very  small,  because  the  long-term  durability  tests  were  conducted 
at  a  low  current  density  of  0.2  A  cm-2,  as  has  been  discussed  previ¬ 
ously. 

As  shown  in  Fig.  7(a),  for  the  cell  operating  at  150°C,  the  resis¬ 
tance  overpotential  dropped  gradually  from  the  initial  period  of 
power  generation  to  approximately  4000  h,  and  remained  constant 
thereafter  until  1 6,000  h.  On  the  other  hand,  the  loss  excluding 
resistance  increased  gradually  from  approximately  500  h,  became 
almost  constant  from  about  5000  to  1 0,000  h,  and  then  began 
to  increase  again.  For  the  cell  operating  at  170°C,  the  resistance 
overpotential  increased  gradually  from  approximately  500  h  and 


then  more  rapidly  after  roughly  5000  h,  as  shown  in  Fig.  7(b).  The 
loss  excluding  resistance  increased  gradually  from  500  h,  became 
constant  from  2500  to  3000  h,  and  then  increased  sharply  again 
after  4000  h.  Further,  for  the  cell  operating  at  190°C,  as  shown 
in  Fig.  7(c),  the  resistance  overpotential  remained  constant  from 
250  to  about  lOOOh,  after  which  it  sharply  increased.  The  loss 
excluding  resistance  increased  rapidly  from  approximately  250  h, 
became  constant  after  500  h,  and  then  increased  sharply  again  from 
1000  h. 

Although  the  cell  voltage  deterioration  rate  varies  with  temper¬ 
ature,  the  losses  excluding  resistance  showed  a  similar  trend  in  all 
cells:  an  initial  increase,  an  almost  flat  period,  and  finally  a  sharp 
increase  accompanying  the  final  reduction  of  cell  voltage.  Further¬ 
more,  the  resistance  overpotential  in  the  170  and  190°C  cells  also 
showed  a  tendency  to  increase  sharply  as  if  synchronized  with  the 
final  increase  of  the  loss  excluding  resistance. 

Fig.  8  shows  TEM  images  of  electrode  catalysts,  (a)  just  prior  to 
assembly  into  the  cell  (see  Section  2.2),  (b)  after  a  power  genera¬ 
tion  test  at  1 50  °C  for  1 029  h,  and  (c)  after  a  power  generation  test  at 
1 90  °C  for  1 220  h  (see  Fig.  4(c)).  Particle  size  distributions  and  mean 
particle  diameters  for  the  platinum-cobalt  grains  are  also  shown 
in  Fig.  8.  As  seen  in  Fig.  8(a),  the  mean  particle  diameter  in  the 
catalyst  before  power  generation  was  3.8  nm.  However,  following 
power  generation  for  approximately  lOOOh  at  150  and  190°C,  the 
mean  diameters  of  the  catalyst  particles  grew  to  4.1  and  6.0  nm, 
respectively,  as  shown  in  Fig.  8(b)  and  (c).  In  previous  studies,  it 
was  also  reported  that  the  size  of  platinum  catalyst  particles  grew 
during  power  generation  in  a  relatively  short  period  of  approxi¬ 
mately  500  h  at  150°C  [28-31].  Further,  Zhai  et  al.  showed  that 
platinum  aggregation  occurs  in  the  early  stage  of  power  genera¬ 
tion  and  that  the  cell  performance  is  reduced  due  to  a  decrease  in 
the  specific  surface  area  of  the  platinum  particles  and  an  increase 
in  the  reaction  resistance  [31].  Taking  these  results  into  account, 
it  is  suggested  that  grain  growth  in  the  catalysts  is  largely  respon¬ 
sible  for  the  reduction  of  cell  voltage  of  approximately  20  mV  in 
the  initial  period  of  the  durability  test,  due  to  an  increase  of  the 
activation  overpotential.  However,  since  the  cell  voltage  remains 
constant  for  a  long  time  after  its  initial  drop  of  20  mV,  as  shown 
in  Fig.  7,  it  is  believed  that  some  other  factor  is  responsible  for  the 
final  drop  in  cell  voltage  and  increase  of  resistance  overpotential. 
In  order  to  investigate  factors  other  than  catalyst  particle  aggrega¬ 
tion,  OCV,  impedance,  and  SEM  surface  measurements  were  carried 
out. 

Fig.  9  shows  the  time  dependence  of  the  OCV  drop  for  the 
170°C  cell  in  the  final  period  from  4700  to  6400 h,  together  with 
the  data  for  resistance  overpotential  and  loss  excluding  resistance, 
which  were  already  presented  in  Fig.  7(b).  The  OCV  was  found  to 
decrease  by  approximately  25  mV  during  this  period,  while  the 
resistance  overpotential  increased  by  approximately  10  mV.  If  the 
OCV  reduction  of  25  mV  is  subtracted  from  the  loss  excluding  resis¬ 
tance  of  35  mV,  then  the  increased  portion  of  the  activation  and 
diffusion  overpotential  is  approximately  10  mV.  Thus,  it  can  be 
concluded  that  the  reduction  in  the  OCV  is  the  dominant  factor 
involved  in  the  cell  voltage  drop  during  the  terminal  period  of  cell 
life. 

Fig.  10(a)  and  (b)  shows  SEM  micrographs  of  the  surface  of 
the  acid-doped  PBI  electrolyte  membrane  before  and  after  power 
generation  for  6400  h  at  170°C,  respectively.  In  Fig.  10(b),  some 
localized  holes  are  seen  in  the  cell  membrane.  It  is  thought  that, 
in  the  final  stages  of  cell  life,  H2  crossover  via  such  holes  leads  to 
the  generation  of  HO*  and  H02*  radicals  that  accelerate  membrane 
deterioration,  resulting  in  the  reduction  of  OCV.  There  has  been  a 
report  regarding  such  an  attack  on  the  electrolyte  membrane  by 
HO*  and  H02*  radicals  [30],  and  this  has  been  suggested  as  being 
the  main  cause  of  termination  of  the  cell  life.  In  order  to  further 
investigate  the  cause  of  such  damage  to  the  membrane,  impedance 
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Fig.  8.  TEM  micrographs  of  the  Pt-Co  catalyst  (a)  before  the  power  generation  test,  (b)  after  1029  h  operation  at  150°C,  and  (c)  after  1250  h  operation  at  190  °C. 


measurements  were  conducted  on  the  170°C  cell  during  the  ter¬ 
minal  period  of  its  life. 

Fig.  11  shows  Cole-Cole  plots  of  the  170°C  cell  obtained  by 
impedance  measurements  at  5000  h  when  the  cell  voltage  started 
to  decrease  significantly,  and  at  6400  h  when  the  power  gener¬ 
ation  was  terminated.  Fig.  12  shows  the  dependence  of  ohmic, 
charge  transfer,  and  mass  transport  resistance  on  the  operation 
time,  taken  from  the  data  of  Fig.  11.  Both  figures  show  an  increase 
in  the  ohmic  and  charge  transfer  resistance  from  5000  to  6400  h. 
In  contrast,  the  mass  transport  resistance  decreases,  even  at  a  low 
current  density  of  0.2  A  cm-2,  as  the  gas  diffusion  rate  improves.  On 
the  other  hand,  the  authors  have  previously  reported  that  lower 


phosphoric  acid  doping,  i.e.,  less  phosphoric  acid  in  the  catalytic 
layer,  increases  both  the  ohmic  and  charge  transfer  resistances, 
and  consequently  reduces  the  cell  voltage  [36].  On  the  basis  of 
these  results,  it  is  considered  likely  that  the  phosphoric  acid  in 
the  membrane  and  catalyst  layers  gradually  evaporates  and  finally 
dries  out  during  long-term  operation,  resulting  in  an  increase  in 
both  the  ohmic  and  charge  transfer  resistance,  while  concurrently 
enhancing  gas  diffusion  and  reducing  the  diffusion  resistance. 
Although  it  is  as  yet  unclear  whether  radical  attack  on  the  mem¬ 
brane  or  the  drying  up  of  phosphoric  acid  acts  as  the  trigger,  it 
is  obvious  that  the  latter  directly  or  indirectly  determines  the  cell 
lifetime. 


Y.  Oono  et  al.  /  Journal  of  Power  Sources  195  (2010)  1007-1014 


1013 


> 

E 


50  - 


<a  10  - 


o  -10- 


O  Resistance  overpotential 
♦  Loss  except  resistance 
o  OCV 


> 

E 


50 


O 

o 


o 

O 


4500  5000  5500  6000  6500  7000 

Power  generation  time  /  h 


-10 


Fig.  9.  OCV  and  cell  voltage  drop  of  the  cell  operated  at  170  °C  from  4700  h. 


The  effect  of  phosphoric  acid  reduction  on  cell  performance  has 
been  investigated  also  for  phosphoric  acid-type  fuel  cells.  Fig.  13 
shows  the  results  of  an  evaluation  by  Okae  et  al.  of  the  amount 
of  phosphoric  acid  evaporation  as  a  function  of  cell  temperature 
in  a  phosphoric  acid  fuel  cell  (PAFC)  [39].  The  evaporation  rates 
estimated  from  Fig.  13  are  0.6,  1.8,  and  9  [xgm-2  s-1  for  cell  tem¬ 
peratures  of  150, 170,  and  190°C,  respectively. 

Fig.  14  shows  the  weight  of  evaporated  acid  per  unit  area  as  a 
function  of  time,  calculated  from  the  data  of  Fig.  13,  overlaid  with 
the  time  dependence  of  the  voltage  drop  at  0.2  A  cm-2,  based  on 
the  data  of  Fig.  4.  The  cell  voltages  shown  here  represent  those 
values  that  had  dropped  by  10%  from  the  peak  voltage.  Flowever, 
since  the  cell  operating  at  150°C  was  still  generating  power,  the 
plotted  data  corresponds  to  lower  voltage  drops.  It  can  be  seen  that 
the  phosphoric  acid  depletion  rate  and  the  cell  voltage  reduction 
rate  are  in  good  agreement,  regardless  of  cell  temperature.  Thus, 
even  though  the  initial  reduction  of  cell  voltage  is  thought  to  be 
caused  by  the  increase  in  the  catalyst  particle  size,  the  depletion  of 
phosphoric  acid  has  a  substantial  effect  on  the  cell  voltage  over  the 
entire  lifetime  of  the  cell.  The  fact  the  voltage  drop  in  the  1 50  °C  cell 
was  still  less  than  7%  after  16,000  h  operation  suggests  that  the  cell 
remains  functioning  by  use  of  its  remaining  volume  of  phosphoric 
acid. 


Fig.  11.  Cole-Cole  plot  for  the  cell  operated  at  170°C  for  5000  h  and  after  power 
generation. 


Fig.  12.  Time  course  of  ohmic,  charge  transfer  and  mass  transport  resistance  in  the 
final  stage  of  lifetime  for  the  cell  operated  at  170°C. 
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(a)  Membrane  after  doping 

Fig.  10.  SEM  micrographs  of  electrolyte  membranes  after  doping  and  after  the  power  generation  test  at  170  °C. 


(b)  Membrane  after  power 
generation  test  at  1 70°C 
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Fig.  13.  Phosphoric  acid  evaporation  rate  as  a  function  of  temperature,  from  Ref. 
[43]. 


Fig.  14.  Relationship  between  the  acid  weight  change  by  evaporation  and  the  cell 
voltage  drop.  Solid,  dotted,  dot-dashed  lines  show  the  acid  weight  changes  calcu¬ 
lated  for  cell  temperatures  of  150,  170,  and  190  °C,  respectively.  Solid  symbols  (♦, 
O.  a)  indicate  the  cell  voltage  drops  at  0.2  cm-2. 


4.  Conclusion 

For  HT-PEMFCs  using  PBI  membranes  doped  with  phospho¬ 
ric  acid,  the  effects  of  cell  temperature  on  cell  performance  and 
durability  were  evaluated  by  long-term  durability  tests  at  cell  tem¬ 
peratures  of  150,  170,  and  190°C.  Consequently,  it  was  clarified 
that  a  higher  cell  temperature  results  in  a  higher  cell  voltage,  but  a 
shorter  cell  life. 

The  reduction  in  cell  voltage  of  approximately  20  mV  during 
the  long-term  power  generation  tests  was  considered  to  be  caused 
both  by  aggregation  of  the  electrode  catalyst  particles  in  the  early 
stages  of  operation,  in  addition  to  the  effects  of  crossover  due  to 


the  depletion  of  phosphoric  acid  in  the  terminal  stage,  the  lat¬ 
ter  regardless  of  cell  temperature.  Flowever,  the  cell  operating  at 
1 50  °C  was  still  generating  power  after  1 6,000  h,  and  it  is  expected 
that  enhanced  long-term  durability  for  practical  applications  can  be 
achieved  through  effective  management  of  phosphoric  acid  trans¬ 
fer. 
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